INtRoductIoN
Peroxide crosslinking is much used for saturated rubbers like ethylene propylene diene monomer (EPDM), but while peroxide generally affords good heat resistance and permanent set compared with sulphur, curing is slow and when other constraints are imposed, therefore, crosslinking tends to be incomplete; this is especially true in rapid cure aimed at reducing costs. Our previous report [1] studied EPDM containing some residual dicumyl peroxide (DCP), prepared to simulate a situation where adequate crosslinking had not been achieved because of factors as such crosslinking temperature and time, and compared this with fully heated EPDM from which no residual DCP was detectable. It was discovered that oxidative degradation was accelerated in the presence of the residual peroxide, which thereby promoted degradation of the EPDM. The phenomenon may be attributed to the high activity of peroxides, the residual peroxide in the EPDM slowly decomposing to generate free radicals and thus induced degradation of the polymer.
Crosslinking and polymer chain scission reactions proceed in parallel during the peroxide crosslinking of EPDM, and it is known that crosslinking occurs more easily in polyethylene chains while polypropylene chains are more susceptible to chain scission [2] . The factors influencing the efficiency of crosslinking in peroxide-crosslinked EPDM have been summarised in a review [3] , which notes in particular that the amount of peroxide incorporated is the most important factor deciding crosslink density. A study of the peroxide crosslinking of isotactic polypropylene in a nitrogen atmosphere has shown that the presence of double bonds formed in the radical reaction process plays a vital role in balancing crosslinking against chain scission [4] . While the reaction mechanism in attack of the polymer by peroxide in an oxygen-depleted crosslinking process thus appears to be broadly understood, the oxygen heavily involved in polymer degradation occurs everywhere in the marketplace; it is therefore possible that residual peroxide affects polymer degradation by a different mechanism from the mechanism operating in the crosslinking process. However, no-one has previously investigated the mechanistic differences in the degradation elicited by residual peroxide as compared with degradation due to peroxide in the crosslinking process or ordinary thermo-oxidative degradation as a function of time.
Peroxide-crosslinked EPDM has outstanding weatherability and heat-resistance. The reasons for this are that, compared with sulphur crosslinking, peroxide crosslinking operates between pairs of carbon atoms of superior heat-resistance, and the EPDM polymer itself lacks double bonds in the main chain, conferring superior weatherability. Peroxide crosslinked EPDM is often used where a higher grade of heat-resistance, weatherability and long-term reliability than in other rubber materials is required, as in sheathing for high voltage cables. This underlines the importance of understanding the mechanism of EPDM degradation by peroxide.
The present study analysed the differences in chemical structure of DCP crosslinked EPDM before and after thermal degradation using microscopic Fourier transform infrared spectrophotometry (FT-IR) and solid state nuclear magnetic resonance (NMR), and then investigated the mechanism of degradation by residual DCP.
ExPERIMENtal

Preparation of samples
The samples were made using the JSR material EP33 (ethylene content 52%, diene content 8.1%), the commonest peroxide crosslinker DCP (40% purity, Arkema Inc. Di-cup 40C.), and the crosslinking assistant triallyl isocyanurate (TAIC, Nippon Kasei Chemical Co.). The recipe of the rubber is shown in Table 1 . The stearic acid, zinc oxide, DCP and TAIC were added to the EPDM in that order and mixed on open rolls for about 50 min to provide the uncured compound. Figure 1 shows the cure curve at 170°C of the uncured rubber product. Crosslinked rubber sheet of thickness ca. 100 m was obtained by press curing at a temperature of 170°C. EPDM containing residual DCP was made by curing at the 50% cure time t c (50) of 2.7 min. EPDM in which residual DCP was essentially undetectable was made by setting the cure time at 25 min, the time required on the cure curve for the torque to level out. To ensure the target residue of DCP was achieved, the rubber was cooled in a 20°C water-cooled press directly after curing so that crosslinking reactions were promptly terminated, and to allow rapid cooling of the press tool, two low gauge stainless steel plates (250 mm × 250 mm × 1.0 mm) were used. The residual DCP content in the crosslinked EPDM sheet thus produced was estimated by repeated shaker extraction with methanol and examination of the methanol extract by high performance liquid chromatography (HPLC). The analytical column used was the Chemicals Evaluation & Research Institute L-column ODS 5 µm (length 250 mm, internal diameter 4.6 mm); the eluant was methanol/water (85/15), the UV detection wavelength was 258 nm, and the column oven temperature was set at 40°C. At the same time, the heat of reaction in residual crosslinking was determined by the previously developed DSC (differential scanning calorimetry) procedure [1] .
Thermal ageing treatment
To prevent contamination of the samples during treatment, the interior of the Geer oven was thoroughly wiped down with methanol using cotton waste and then baked for 24 hours at 200°C; a film specimen of thickness 100 µm was then given thermal ageing treatment while suspended in the cleaned oven. Treatment was continued for up to 4 days at 120°C.
Analysis of degradation process
To examine the changes in chemical structure due to degradation, specimens were analysed by FT-IR microscopy and 13 C high resolution solid state NMR. A Varian FTS-6000 and UMA-500 were used for the FT-IR microscopy; measurements were made by the micro-ATR technique (Ge prism) at a resolution of 8 cm -1 and 256 scans. The 13 C high resolution solid-state NMR measurements were made with a JEOL Ltd. JNM-ECX400 spectrometer at a probe internal diameter of 4 mm and observation frequency of 100.53 MHz, operating with 8000 integrations at room temperature; the hetero nuclear dipolar decoupling/magic angle spinning (DD/MAS) technique was applied at a spinning frequency of 18 kHz.
To examine the extent of degradative scission in the polymer chain and crosslinks, samples were extracted by soaking in tetrahydrofuran (THF, Kanto Chemical Co., guaranteed reagent) and the yield of THF extract was determined. In addition, the molecular weight of the THF soluble matter was found by gel permeation chromatography (GPC). Two Shodex LF-804 columns (Showa Denko Co., exclusion limit: molecular weight 2.0 × 10 6 ) were used in tandem, with an eluant of THF (Kanto Chemical Co., guaranteed reagent), a differential 
REsults aNd dIscussIoN
Estimation of residual DCP
We reported [1] earlier that residual peroxide accelerates thermal degradation in EPDM. To identify the amount of residual DCP in the EPDM products, therefore, we extracted DCP from the rubber with methanol and analysed the extract by HPLC. The DCP content of undercured EPDM cured for 2.7 min was 1.2%: since the recipe content of DCP in the uncured rubber was 2.3%, this confirmed that about 50% of the DCP incorporated persisted in an intact state. The heat of residual cure reaction obtained by DSC analysis of the undercured EPDM cured for 2.7 min was 13.3 J.g
The DCP content of EPDM produced at a cure time of 25 min was less than 0.1% and the heat of residual cure was almost unobservable; thus, effectively no residual DCP was found. Undercured EPDM cured for 2.7 min will be referred to below as "EPDM containing residual DCP", while EPDM cured for 25 min will be referred to as "DCP-free EPDM".
Change in appearance of EPDM due to thermal degradation
It has been found in the marketplace that the DCP crosslinked EPDM sheathing in power cables, etc, undergoes softening deformation while at the same time developing a tacky surface. The samples used in our study were found to become a little tacky after 24 hours in thermal ageing treatment at 120°C; after 4 days they became sufficiently adhesive to stick to the fingers and acquired an appearance similar to DCP crosslinked EPDM that had been degraded in the marketplace. It would hence appear that the samples degraded by a closely similar mechanism to that operating in EPDM that had developed tackiness in the marketplace. Figure 2 shows the FT-IR spectra before and after thermal degradation. The sharp absorption at 1700 cm -1 observed before thermal degradation is due to bonding between the EPDM polymer and crosslinking assistant TAIC. EPDM containing residual DCP cured for 2.7 min and DCP-free EPDM cured for 25 min both develop new absorption bands after treatment for 4 days at 120°C, namely a broad absorption due to hydroxy groups at 3400 cm -1 and broad absorption due to carbonyl and similar groups at 1800-1650 cm -1 . It was hence confirmed that the thermal degradation process in EPDM proceeds by the formation of carbonyl and hydroxyl groups. On the other hand, compared with DCP-free EPDM, the FT-IR spectrum of EPDM containing residual DCP exhibits no specific absorption bands. It would hence appear that degradation due to residual DCP entails the same changes in chemical structure as in ordinary thermal degradation, DCP accelerating the degradation reaction without effecting specific changes in structure. Figure 3 shows the 13 C high resolution solid state NMR spectra before thermal ageing treatment and after 4 days of thermal degradation at 120°C. The assignments of the various signals [5, 6] are indicated in the diagrams. Before thermal degradation, both EPDM containing residual DCP and the DCP-free EPDM samples produced strong signals due to EPDM polymer-derived -CH, -CH 2 and -CH 3 at 10-55 ppm. Signals due to DCP and its acetophenone and cumyl alcohol breakdown products were observed at 145-150 ppm, 132.1 ppm, 128.4 ppm, 127.3 ppm, 126.1 ppm, 119.6 ppm and 82.1 ppm in EPDM containing residual DCP before thermal degradation; these signals were not seen in the spectrum of DCP-free EPDM before thermal treatment, or the spectra of either EPDM containing residual DCP or DCP-free EPDM thermally aged for 4 days at 120°C. Hence, DCP and the DCP decomposition products were shown to decompose and volatilise in the course of thermal degradation. After thermal degradation, both EPDM containing residual DPC and DCP-free EPDM produced a signal due to the carbonyl group at 206.6 ppm, signals due to carboxyl groups at 175.8 ppm and 173.0 ppm, and a signal deriving from alcohol at 72.8 ppm, all associated with oxidative degradation; this confirmed progress of oxidative degradation as witnessed by the above FT-IR-ATR observations. Furthermore, the signals (146.7 ppm, 111.4 ppm) due to the double bonds on the crosslink monomer ethylidene norbornene (ENB) vanished, indicating that ENB in particular underwent oxidation or crosslinking reactions in the course of thermal degradation. A notable difference between EPDM containing residual DCP and DCP-free EPDM was that a signal assignable to the peroxy group was observed at 82-88 ppm only in EPDM containing residual DCP. Hence, since only EPDM containing residual DCP accumulates sufficient peroxy groups for them to be detected by 13 C high resolution solid state NMR, persistence of DCP must encourage the formation of peroxy groups, one of the active species generated in the EPDM polymer in the course of oxidative degradation, and thereby promote oxidative degradation.
Analysis of degradation by FT-IR-ATR microscopy
Analysis of degradation by 13C high resolution solid state NMR
Investigation of depolymerisation degradation phenomena by analysis of the THF extract
As noted in the observations on appearance in 3.1, the samples given thermal ageing treatment develop tackiness on the surface, from which it may be inferred that depolymerisation degradation of the EPDM occurs. The components of reduced molecular weight formed by molecular chain scission were therefore extracted with THF and the yield of THF extract was used as an index of the extent of depolymerisation. Figure 4 shows the yield of THF extract from EPDM before and after thermal ageing treatment. The yield of THF extract before thermal ageing treatment was 9.2% for EPDM containing residual DCP and 2.0% for DCP-free EPDM; in both cases the yield increased with the duration of thermal ageing, showing that depolymerisation progresses with time. Furthermore, EPDM containing residual DCP produced a larger amount of low molecular weight component after thermal degradation than DCP-free EPDM. Figure 5 shows the GPC chromatograms of the THF extract of EPDM before and after thermal ageing treatment. The peak at a retention time of ca. 20 min observed in the untreated material is due to TAIC, the peak at ca. 21 min is DCP, cumyl alcohol and acetophenone, and the peaks from 22 min and beyond are due to water and dissolved gases. Uncured rubber fraction of approximate molecular weight 3,000-100,000 was detected from untreated EPDM containing residual DCP, while uncured rubber of approximate molecular weight 3,000-30,000 was detected from DCP-free EPDM. Low molecular weight polymer components of molecular weight ca. 300-100,000 were detected from both EPDM containing residual DCP and DCP-free EPDM after thermal ageing treatment, demonstrating that depolymerisation had progressed relative to the untreated rubber. The foregoing analysis of the THF extract would indicate that molecular chain scission occurs in the course of degradation in EPDM containing residual DCP, and that the residual DCP promotes chain scission reaction. Figure 6 shows the mechanism of degradation of DCPcrosslinked EPDM by residual DCP 1) . Residual DCP promotes the formation of peroxy groups in the polymer and scission reactions in the molecular chain, and while the degradation mechanism is presumably similar to the mechanism indicated in our previous paper [1] , residual DCP would have an especially significant effect in promoting deterioration in the reactions identified by bold arrows in Figure 6 . Thus, it was shown that residual DCP in the formed product slowly decomposes under the stimulus of degradative factors including heat and light, inducing the formation of polymer radicals and generating peroxy groups while also accelerating molecular chain scission reactions in the polymer. 
Degradation mechanism in EPDM containing residual DCP
